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A cDNA homolog of the Drosophila melanogaster Broad Complex (BRC) gene was isolated from the tobacco hornworm,
Manduca sexta, which shows a predicted 88% amino acid identity with Drosophila BRC in the N-terminal BTB domain. Three
zinc finger domains encoding homologs of the Drosophila Z2, Z3, and Z4 domains (93, 100, and 85% identity, respectively) were
obtained by RT–PCR. In Manduca dorsal abdominal epidermis, BRC RNAs were not observed during the larval molt. Three BRC
transcripts—6.0, 7.0, and 9.0 kb—first appeared at the end of the feeding stage of the fifth (final) instar when the epidermis is
exposed to ecdysteroids in the absence of juvenile hormone (JH) and becomes committed to pupal differentiation. These RNAs
were induced in day 2 fifth larval epidermis in vitro by 20-hydroxyecdysone (20E) in the absence of JH with dose–response and
time courses similar to the induction of pupal commitment. This induction by 20E in vitro was prevented by the presence of JH
I at levels seen in vivo during the larval molt. In the wing discs, the BRC RNAs appeared shortly after ecdysis to the fifth instar
and coincided with the onset of metamorphic competence of these discs. Application of a JH analogue pyriproxifen during the
fourth instar molt delayed and reduced the levels of BRC mRNAs seen in the wing discs in the early fifth instar, but did not
completely prevent their appearance in this tissue that first differentiates at metamorphosis. The expression of the BRC
transcription factors thus appears to be one of the first molecular indications of the genetic reprogramming of the epidermis
necessary for insect metamorphosis. How JH prevents BRC expression in this epidermis may provide the key to understanding
how this hormone controls metamorphosis. © 1998 Academic Press
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INTRODUCTION
Metamorphosis transforms a larva into a reproductive
adult through a complex series of developmental events
involving remodeling of structures for new functions, cell
proliferation and differentiation, and programmed cell
death. In insects this developmental process is orchestrated
primarily by the steroid hormone ecdysone and its active
metabolite 20-hydroxyecdysone (20E) and the sesquiterpe-
noid juvenile hormone (JH) (Riddiford, 1996). The ecdys-
teroids cause molting and also are responsible for the
switches in genetic programs that are necessary for meta-
morphosis, whereas JH is present in the larva and prevents
these switches in response to ecdysteroids but does not
prevent the molting response. Thus, metamorphosis ensues
when ecdysteroids rise in the absence of JH in the final
larval instar. In most insects the addition of JH at this time
causes the formation of a supernumerary larva, but in the
higher Diptera such as Drosophila melanogaster, puparia-
tion and pupation are not prevented by this exogenous JH.
Rather it only disrupts the adult development of the abdom-
inal cuticle (Postlethwait, 1974; reviewed in Riddiford,
1993) and of the nervous system, musculature, and salivary
glands (Restifo and Wilson, 1998).
Studies in D. melanogaster, beginning with the studies of
20E-induced puffing patterns in the giant polytene chromo-
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somes of the salivary gland by Ashburner and colleagues,
have demonstrated that at metamorphosis 20E activates
and coordinates a cascade of gene expression including a
number of essential transcription factors as well as tissue-
specific genes (reviewed in Russell and Ashburner, 1996 and
Thummel, 1996). The 20E-induced puffs in the larva are
unaffected by the presence of JH, but the acquisition of
competence to respond to 20E during the late prepupal
period is prevented by the presence of JH (Richards, 1978).
The molecular action of JH in preventing this acquisition of
competence has not been pursued.
In Drosophila the metamorphic switching is at least
partially mediated by the 20E-induced Broad Complex
(BRC) transcription factors since the nprl3 mutation which
deletes the entire complex causes lethality at the end of the
third instar with little metamorphic development (re-
viewed in Bayer et al., 1996a). The BRC RNAs appear early
in the third instar, presumably in response to low ecdys-
teroid (Andres et al., 1993), and the proteins are critical for
the proper readout of the ecdysteroid-induced cascade in
various tissues so that cell differentiation, remodeling, or
death occurs to form the adult fly (Kiss et al., 1988; Restifo
and White, 1991, 1992; Karim et al., 1993; von Kalm et al.,
1994; Crossgrove et al., 1996; Bayer et al., 1997). The BRC
proteins have a common core region which is fused to one
of a set of four different C2H2 zinc fingers by alternative
splicing (DiBello et al., 1991; Bayer et al., 1996b). The
N-terminus of the core region is a highly conserved,
protein–protein interaction domain named the BTB domain
(for bric-a`-brac, tramtrack and Broad Complex) (Zollman et
al., 1994) or POZ domain (for pox viruses and zinc fingers)
(Bardwell and Treisman, 1994) characteristic of the GAGA
factor and other chromatin-altering factors (Albagli et al.,
1995). The BTB/POZ domain can also interact with the
SMRT (silencing mediator of retinoid and thyroid receptor)
protein, a corepressor of unliganded retinoic acid and thy-
roid receptors (Dhordain et al., 1997; Hong et al., 1997),
suggesting a possible mechanism for the alteration of chro-
matin structure through SMRT and histone deacetylase. In
Drosophila the BRC factors are critical for the appearance of
certain DNase I-hypersensitive sites in a small heat shock
protein gene (Dubrovsky et al., 1994) and the dual suppres-
sion of pig-1 and activation of sgs-4 expression in the
salivary glands (von Kalm et al., 1994), indicating a possible
role in chromatin modulation.
In Drosophila metamorphosis involves primarily differ-
entiation of imaginal discs and other imaginal precursor
cells and wholesale death of most larval tissues except for
remodeling of the central nervous system and Malpighian
tubules (reviewed in Fristrom and Fristrom, 1993; Skaer,
1993; Truman et al., 1993). As discussed above, JH appears
to have little effect on the initiation of metamorphosis, but
disrupts some aspects of adult differentiation (reviewed in
Riddiford, 1993; Restifo and Wilson, 1998). In contrast to
Drosophila, the polymorphic larval epidermis of the to-
bacco hornworm, Manduca sexta, becomes reprogrammed
(committed) by 20E for pupal differentiation at the onset of
metamorphosis, and this reprogramming can be prevented
by JH (Riddiford, 1976, 1978). Thus, it serves as a model
system for the study of the role of JH in prevention of insect
metamorphosis.
We have isolated BRC homologs from Manduca and
show here that their expression is induced by 20E in the
larval epidermis of Manduca only in the absence of JH and
is correlated with the pupal committment of the epidermis.
Moreover, the earlier appearance of the BRC RNAs in the
wing discs coincides with the earlier onset of competence
for pupal differentiation in these imaginal tissues.
MATERIALS AND METHODS
Animals
M. sexta larvae were raised on an artificial diet at 25.5°C in a
12L:12D photoperiod as previously described (Jindra et al., 1996).
Lights-off was designated as 00:00 Arbitrary Zeitgeber Time (AZT).
Animals were staged individually according to the days after their
ecdysis into a particular larval instar and/or by various morpho-
logical markers whenever available as previously described (Zhou
et al., 1998).
Dissection and Tissue Culture
For culture experiments, the dorsal abdominal integument of
day 2 fifth instar larvae was dissected and cleaned of all the fat body
and muscle except traces at the attachment sites. The integument
was cultured on the surface of 0.5 ml Grace’s medium (GIBCO) at
25.5°C in a 95% O2–5% CO2 atmosphere (Hiruma and Riddiford,
1984). Media containing 20E (Rohto Pharmaceuticals Co. or Daicel
Chemical Industries) and JH I (Sci Tech, Praha, Czech Republic)
were prepared in PEG-coated containers as described (Riddiford et
al., 1979).
Both fore- and hindwing discs were dissected free of the overly-
ing thoracic cuticle. Both the discs and the associated tracheal pads
(Nardi et al., 1985) were extracted for RNA.
For JH treatments, the abdominal integument was preincubated
in JH I-containing medium for 2 h and then transferred to medium
containing both 20E and JH. On day 2 of the fifth instar when the
epidermis is explanted, no JH is detectable in the hemolymph (Fain
and Riddiford, 1975; Baker et al., 1987). When epidermal explants
were simultaneously exposed to 20E and JH for 24 h in vitro, some
epidermal cells were found to become pupally committed so that
they subsequently formed pupal cuticle when implanted into a
fourth instar larva and thus forced to undergo a molt in the
presence of JH (Riddiford, 1978). By contrast, a 2-h pretreatment
with JH before addition of 20E prevented pupal commitment in all
cells.
In Vivo JH Manipulation
The corpora allata, the source of JH, of penultimate (fourth)
instar larvae were surgically removed 1 day after ecdysis as de-
scribed (Hiruma, 1980). The JH analog pyriproxifen (Sumitomo)
dissolved in cyclohexane (Aldrich) was topically applied to the
dorsum of the larva.
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cDNA Synthesis, Cloning, and Sequencing
The primers for the BTB domain (Zollman et al., 1994) were used
to amplify by RT–PCR a 156-bp fragment from epidermal RNA of
prepupae 2 days after the onset of wandering (W2). A random-
primed cDNA library was then constructed from RNA of whole W2
larvae that had the gut and some fat body and muscle removed,
using the lgt10 cloning system (Amersham Life Science) according
to the manufacturer’s manual. Screening was with an 32P-labeled
cRNA probe synthesized from the cloned 156-bp fragment in a
pBluescript KS(2) vector (Stratagene) using T3 polymerase (Pro-
mega) and [a-32P]-UTP (Amersham).
To obtain cDNAs for the different zinc fingers, we first used four
oligonucleotides targeted to Drosophila BRC zinc fingers (gifts
from Dr. J. Fristrom) as 39 primers paired with a 59 primer
(AGCACTGATGATACACCG) located in the core region of
Manduca BRC for RT–PCR. To avoid possible contamination from
Drosophila, we selected a sequence for the 59 primer which had no
homology to the Drosophila BRC core region. We also used PCR to
identify 39 regions of the clones. The first-strand cDNA was again
synthesized with the SuperScript Preamplification System
(GIBCO) but using an anchored oligo(dT)15 (GAGCAAGTTCAGC-
CTGGTTAAGT15) as a primer. The 59 primers specific to Manduca
BRC zinc fingers were Z2 (AAGTACTGTGCTCAAAGGCC), Z3
(CAACGAGCTTCAAGAGTGTCC), and Z4 (GCTCAACTCCCT-
CAACAACC). The pfu thermostable DNA polymerase (Stratagene)
was used in the PCR reaction (96°C, 45 s for initial denaturation
followed by 30 cycles of 96°C 45 s; 55°C 45 s; 72°C 8 min).
All the cDNA sequences were determined in both directions
using the Dye Terminator Cycle sequencing kit (Applied Biosys-
tems). The sequence data were edited with the DNASIS DNA
analysis software (Hitachi Software Engineering) and were analyzed
using BLAST (National Center for Biotechnology Information,
National Institutes of Health).
RNA Extraction and Analysis
Total RNA was prepared by the acid guanidinium thiocyanate–
phenol–chloroform method (Chomczynski and Sacchi, 1987).
Poly(A) RNA was extracted with an oligo(dT)–cellulose (Pharmacia
Biotech) column.
Northern and dot blot hybridizations were prepared and per-
formed as described (Zhou et al., 1998) with either a cDNA or a
cRNA probe derived from the core region (see Fig. 1A) and sub-
cloned into pBluescript KS(2) (Stratagene) which should detect all
the BRC transcripts. The cDNA probe was labeled by random
priming using Prime-It II kit (Stratagene) and [a-32P]dATP and the
cRNA probe by use of T3 polymerase (Promega) and [a-32P]UTP
(Amersham). For Northerns, 15 mg total RNA was separated on a
1% agarose gel containing 2.2 M formaldehyde. For dot blots, 5 mg
total RNA was denatured and applied to a Duralon UV membrane
(Stratagene). Hybridization was for 24 h in 50% formamide, 0.1%
SDS, 53 SSC (13 SSC is 0.15 M NaCl, 0.015 M sodium citrate), 53
Denhardt’s solution, 50 mM sodium phosphate (pH 7.0), 100 mg/ml
herring sperm DNA at 42°C for the cDNA probe and at 65°C for the
cRNA probe. The filters were then washed at 65°C for 30 min each
in 23 SSC, 0.23 SSC, and 0.13 SSC containing 0.1% SDS.
Levels of mRNA were quantified either by scanning the autora-
diograms as previously described (Zhou et al., 1998) or by a GS-363
Molecular Imaging System (Bio-Rad). For normalization of the
different blots, each membrane included two standard samples of
RNA extracted from mixed tissues (excluding the gut) of animals
(W1) or 2 (W2) days after the onset of wandering. A dilution series
of the standard RNAs showed that detection of BRC RNA was
linear between 0 and 5 mg total RNA. For each membrane, the
signal of the standard W1 sample was arbitrarily assigned a value of
200 so that all blots were normalized to the same value.
RESULTS
Characterization of Manduca BRC
Preliminary experiments showed that the Drosophila
monoclonal antibody against the BRC core region (Emery et
al., 1994) stained all nuclei of early prepupal (W2) Manduca
epidermis. Therefore, we used the primers for the BTB
domain (Zollman et al., 1994) and amplified by RT–PCR a
156-bp fragment from cDNA derived from W2 epidermal
RNA. Sequencing of this fragment showed that it most
closely resembled the BTB domain of Drosophila BRC, so
we used the fragment to screen a random-primed cDNA
library made from mRNA of whole W2 prepupae (minus the
gut) and obtained six clones. The longest cDNA encoded
the N-terminal BTB domain and most of the core region,
but did not extend into the zinc finger domain (Fig. 1A). We
then used oligonucleotides targeted to each of the Drosoph-
ila BRC zinc fingers and to the Manduca core region as
described under Materials and Methods to perform RT–PCR
and obtained several cDNAs encoding three different C2H2
zinc finger domains. Sequencing showed that these do-
mains had high predicted amino acid identity with the Z2
(93%), Z3 (100%), and Z4 (85%) domains of the Drosophila
BRC isoforms (DiBello et al., 1991; Bayer et al., 1996b) (Fig.
2B). Each of these RT–PCR fragments were used to screen
the random-primed W2 cDNA library, but no clones were
obtained. At present no oligo(dT)-primed Manduca epider-
mal cDNA library is available at the times that the BRC
RNAs are present (see Fig. 3).
Figure 1B shows the composite cDNA and predicted
protein sequences of Manduca BRC containing the Z4 zinc
finger domain, which was compiled from the cDNA clone
and two overlapping cDNAs obtained by RT–PCR. The
encoded protein has a predicted molecular weight of 51
kDa. The predicted amino acid sequence of the BTB domain
at the N-terminus of the core region is 88% identical
between Manduca and Drosophila (Fig. 2A). Outside of the
BTB and the zinc finger domains, Manduca BRC shows
only scattered short stretches of similarity to Drosophila
BRC and overall is shorter. The high conservation of the
two functional domains suggests that these molecules may
play similar roles in development of lepidopteran and
dipteran insects.
Developmental Profile of BRC RNAs in Manduca
Epidermis
Figure 3 shows that a cDNA probe derived from the
Manduca BRC core region hybridized to three transcripts of
9.0, 7.0, and 6.0 kb in poly(A)1 RNA derived from mixed
tissues of W2 Manduca larvae during the prepupal ecdys-
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FIG. 1. (A) Diagrammatic representation of the structure of the BRC protein of Manduca containing the Z4 zinc finger domain as deduced
from overlapping cDNAs derived from the cDNA library (for the N-terminal core region) and from RT–PCR (for the C-terminus including
the zinc finger domain. The numbers at the ends of the cDNAs indicate the exact nucleotides (nt) as indicated in B. The cDNA and cRNA
probes used in the hybridization analyses are shown as boxes. (B) The cDNA and predicted protein sequences of the Z4 isoform of Manduca
BRC. The BTB and zinc finger domains are indicated by a underline and a dashed underline respectively. The boxed region denotes the 59
primer used in RT–PCR with the specific Drosophila zinc finger oligonucleotides to amplify the different zinc fingers. The arrowhead
between positions 1636 and 1637 indicates the end of the core region which was determined from a comparison of the RT–PCR-derived
sequences for the different zinc finger domains. The GenBank accession number for this sequence is AF0326760.
236 Zhou et al.
Copyright © 1998 by Academic Press. All rights of reproduction in any form reserved.
teroid peak. These same three transcripts were seen in total
RNA preparations derived from larval epidermis beginning
the day before wandering (day 3) when the small rise of
ecdysteroid in the absence of JH causes pupal commitment
of the epidermis (Riddiford, 1978). No BRC RNAs were
detected during the larval molt by either Northern hybrid-
ization (Fig. 3) or the more sensitive dot blot hybridization
(data not shown) with either cDNA (Fig. 3) or cRNA (data
not shown) probes. The ethidium bromide stain that detects
primarily the ribosomal RNA shows approximately equal
loading of the total RNA during this time period (Fig. 3). No
other higher or lower molecular weight transcripts were
detectable at any time.
At the time of their appearance in the epidermis on day 3
of the fifth instar, the 9.0-kb RNA was predominant. The
levels of these BRC RNAs transiently decreased late on the
day of wandering when the ecdysteroid titer declined,
followed by an increase with the prepupal rise in ecdys-
teroids. Coincident with this ecdysteroid peak the 6.0- and
7.0-kb transcripts became predominant, then all RNAs
declined to trace levels during cuticle production (Sedlak
and Gilbert, 1979) on the final 2 days of the prepupal period.
Allatectomy (removal of the source of JH) of penultimate
(fourth) instar larvae causes precocious metamorphosis at
the next molt (Kiguchi and Riddiford, 1978). Such larvae
normally begin wandering behavior about 2 days after the
allatectomy and form pupae 4 days thereafter. When day 1
fourth instar larvae were allatectomized, no BRC RNA
expression was detected in the dorsal abdominal epidermis
until 36 h later when three of the five animals assayed
showed significant increased levels (Fig. 4). All three tran-
scripts were detectable on Northern hybridization (data not
shown). By 48 h when the allatectomized animals had
exposed the dorsal vessel and were beginning to wander,
BRC RNA levels were uniformly high. Topical application
of 100 ng pyriproxifen, a JH analog, at the time of allatec-
tomy prevented this increase in BRC RNAs at both 36 and
48 h in the five larvae assayed at each time (Fig. 4) and at
72 h (N 5 5, data not shown). Such JH-treated allatecto-
mized larvae molted to fifth instar larvae by 78 h after the
operation (N 5 30; data not shown).
Induction of BRC Expression in Vitro
The above experiments suggested that BRC RNAs were
induced by ecdysteroid at the onset of metamorphosis and
that JH prevented the induction of BRC expression in the
abdominal epidermis during a larval molt. To determine
how these RNAs are regulated by 20E and JH, we cultured
integument explanted from day 2 fifth instar larvae in 500
ng/ml 20E with or without 1000 ng/ml JH I. Under these
conditions, exposure to 20E for 24 h causes all the epider-
mal cells to become pupally committed, and the presence of
JH during this exposure prevents that 20E-induced pupal
FIG. 2. Comparison of predicted amino acid sequences of Manduca sexta (Ms) and Drosophila melanogaster (Dm) Broad Complex. (A)
Alignment of the BTB domain. (B) Alignment of the zinc finger domains. The conserved Cys and His residues of the zinc fingers are
highlighted in bold. The Z2 and Z3 sequences were obtained from two different RT–PCR cDNAs, that of Z4 only from one RT–PCR cDNA.
The predicted amino acid sequence of Manduca BRC was compared to the GenBank database using the BLAST search. GenBank accession
numbers for the cDNA sequences of Z2 and Z3 zinc finger domains are AF032674 (Z2) and AF032675 (Z3), respectively.
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commitment (Riddiford, 1976, 1978). Northern hybridiza-
tion analysis showed that trace amounts of all three tran-
scripts appeared after 6 h exposure to 20E and increased
over the 24-h culture period with the 6.0- and 7.0-kb
transcripts predominant by 24 h (data not shown). Quanti-
tation by dot blot hybridization analysis showed a gradual
rise in BRC RNA abundance between 6 and 24 h culture
with 20E, whereas none was detectable in epidermis cul-
tured without hormones (Fig. 5A). The induction of these
RNAs was sensitive to low concentrations of 20E, showing
some induction by 24 h exposure to 30 ng/ml 20E (6 3 1028
M) and maximal induction at 300 ng/ml (6 3 1027 M) 20E
with an EC50 of 1.5 3 10
27 M 20E (Fig. 5B).
When 1000 ng/ml JH I was included in the culture medium,
the BRC RNAs were not induced by 20E (Fig. 5A). JH I was
very effective in preventing the appearance of these RNAs
such that 100 ng/ml (3 3 1027 M) JH I completely prevented
the increase of the RNAs induced by 20E in 24 h (Fig. 5C). Half
maximal inhibition was achieved at 1028 M JH I. Methyl
farnesoate, the precursor of JH III which has no biological
activity in Manduca larvae (Palli et al., 1994), had no suppres-
sive effect on BRC RNA induction by 20E (Fig. 5C).
BRC Expression in Wing Discs
Wing discs are precursors of adult wings which proliferate
during larval life and then differentiate at metamorphosis.
In Manduca some cells of these discs are competent to form
pupal cuticle when forced to undergo a larval molt in a
fourth instar host about 18–24 h after ecdysis to the fifth
instar (H. Yoshida and L. M. Riddiford, unpublished). By day
3 all cells are competent. Figure 6A shows that the BRC
RNAs first appear in the wing discs of late day 0 fifth instar
larvae with the 9.0-kb transcript becoming predominant by
day 2. As in the epidermis, the 9.0-kb transcript declines the
second day after wandering during the prepupal peak of
ecdysteroids. On the last 2 days of the prepupal period when
pupal cuticle is being deposited (Nardi et al., 1985), only the
6.0- and 7.0-kb transcripts were present.
The BRC RNAs first appear in the wing discs when the JH
titer is declining, but is still detectable in the hemolymph
FIG. 3. Developmental profile of BRC RNA transcripts in the dorsal abdominal epidermis of individual larvae during the fourth and fifth
instars as determined by hybridization of total RNA with the cDNA probe (Fig. 1A). This Northern is typical of five hybridizations with
different RNA preparations and of one carried out with the cRNA probe. The poly(A) RNA was from mixed tissues of a W2 larva. The
ecdysteroid and JH titers are shown at the top (redrawn from Riddiford, 1995 and Hiruma et al., 1998). Animals were staged according to
the days after their ecdysis into a particular larval stage and/or following morphological markers. HCS, head capsule slippage (ca. 29 h before
larval ecdysis); OR, ocellar retraction (beginning of the prepupal ecdysteroid surge); PS, beginning resorption of molting fluid in the posterior
abdomen (ca. 2 h before pupal ecdysis); WO–W4, 0–4 days after the onset of wandering. Ethidium bromide staining of ribosomal RNA is
shown as a control for loading.
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(see top of Fig. 3; Baker et al., 1987). To determine whether
high levels of JH could suppress their appearance as it does
in the abdominal epidermis, we applied 200 ng pyriproxifen
to larvae either 6 or 9 h before or at the time of ecdysis to
the fifth instar and were able to prolong the instar by 5–7
days (N 5 4) as previously shown for pyriproxifen (S31183)
(Hatakoshi et al., 1988), but the onset of up-regulation of
BRC expression in such treated larvae (N 5 4 at each time)
was unaltered (data not shown). To investigate the possibil-
ity that the declining JH titer during the fourth instar molt
might be important in the later appearance of the BRC
RNAs in these discs, we treated day 3 fourth instar animals
with 200 ng pyriproxifen at 2:00 AZT at the onset of the
ecdysteroid surge for the molt (see top of Fig. 3). These
larvae ecdysed normally and showed the expected pro-
longed feeding period during the last larval instar (N 5 6).
Figure 6B shows that the expression of BRC RNAs in the
wing discs of such treated larvae was delayed until day 2 of
the fifth instar and then only gradually increased with at
most traces of the two smaller transcripts appearing on day
4. Thus, unlike in the abdominal epidermis JH could not
prevent the appearance of the BRC transcripts in the wing
discs but could only delay this appearance.
DISCUSSION
These studies are the first to show that the Broad Com-
plex set of transcription factors is present in an insect other
than Drosophila and that the appearance of these factors in
Manduca epidermis are correlated with metamorphic
events. In the abdominal epidermis of Manduca, the induc-
tion of the BRC RNAs by 20E coincides with pupal com-
mitment and is completely suppressed by JH. By contrast,
in the wing imaginal discs that gain competence for pupal
differentiation and express BRC RNAs earlier in the final
instar as the JH titer declines, excess JH only delays the
appearance of these RNAs.
In both Manduca abdominal epidermis and wing discs,
three BRC transcripts are seen with the 9.0-kb transcript
FIG. 4. Dot blot analysis of BRC RNAs in the epidermis of 5
individual allatectomized fourth instar larvae which are undergo-
ing precocious pupal development (solid circles) using the cDNA
probe for the core region (Fig. 1A). The 5 circles overlap at the early
time points. Each open circle represents the level of BRC RNAs in
5 individual allatectomized animals given 100 ng pyriproxifen at
the time of allatectomy. Relative abundance is based on the
standard total RNA from W 1 1 animals as 200.
FIG. 5. Regulation of BRC RNA expression in day 2 fifth instar epidermis by 20E and JH in vitro. (A) Time course of induction of BRC
RNAs during exposure to 500 ng/ml 20E. Trace or no induction was seen when 1000 ng/ml JH I was also present (open circles) or in the
absence of hormones (open squares). (B) Concentration–response relationship for induction of BRC RNAs by 20E after 24 h culture. (C)
Concentration–response curve for JH I inhibition of the induction of BRC RNAs by 500 ng/ml 20E after 24 h culture. Methyl farnesoate
(1000 ng/ml), an inactive precursor of JH III, had no effect. For both A and C, tissues were preincubated for 2 h in the JH I or methyl
farnesoate concentration that was being tested before the 20E was added. Points are average 6 S.D. (N 5 8 for A and C, N 5 4 for B). The
cDNA probe for the core region (Fig. 1A) was used for all hybridizations. Relative abundance is based on the standard total RNA from W 1
1 animals as 200.
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predominant initially and the 6.0- and 7.0-kb transcripts
predominant, especially in the wing discs, during the later
phases of the pupal molt when cuticle is being deposited
(Sedlak and Gilbert, 1979; Nardi et al., 1985). Preliminary
Northern analysis of W1 and W2 epidermal RNA with
probes specific to each of the three different zinc finger
domains obtained by RT–PCR shows that the 9.0-kb tran-
script hybridizes to both the Z2 and the Z3 probes, whereas
both the 6.0- and 7.0-kb transcripts hybridize with the Z4
probe. Thus, all three BRC zinc finger domains are ex-
pressed in the epidermis and wing discs during the onset of
metamorphosis and Z4 seems to be the predominant one
present during pupal cuticle formation. Thus far no domain
similar to the Z1 domain of Drosophila BRC has been found
by RT–PCR of RNA from mixed tissues of W2 larvae
(prepupae). Further analysis of tissues from other stages and
of the genomic DNA is necessary before any definitive
conclusion about the lack of the Z1 isoform in Manduca
can be made.
In Drosophila at the time of pupariation most tissues
have more than one isoform with tissue- and stage-specific
changes in the isoforms as metamorphosis proceeds (Emery
et al., 1994; Bayer et al., 1996a,b). For instance, the larval
epidermis contains the Z1, Z2, and Z3 isoforms with Z2
predominant and necessary for the full ecdysteroid induc-
tion of epidermal Dopa decarboxylase necessary for tanning
and sclerotization of the puparium which is formed from
the third instar larval cuticle (Hodgetts et al., 1995). In the
imaginal discs 20E induces the RNAs for all four isoforms
with Z2, Z3, and Z4 mRNAs transiently increasing within
the first 6 h and then disappearing, whereas the 4.4-kb Z1
mRNA increases slowly and steadily and becomes the
predominant transcript after 8 h (Bayer et al., 1996b). The
Z1 transcript is also the main transcript seen in whole
Drosophila at the time of head eversion 10–12 h after
pupariation (equivalent to pupal ecdysis in Lepidoptera)
(Andres et al., 1993). In Drosophila the Z1 and Z4 DNA-
binding domains are the most similar and are thought to
have diverged most recently (Bayer et al., 1996b). There is
partial redundancy in function between the two isoforms
(Bayer et al., 1997), so possibly the Z4 domain can perform
all the functions of Z1 and Z4 in Lepidoptera such as
Manduca.
The Onset of BRC Expression Is Correlated with
Pupal Commitment
As in most insects, the epidermal cell of Manduca is
polymorphic. It makes first a series of larval cuticles; then
at the onset of metamorphosis it is reprogrammed to make
the pupal cuticle (Riddiford, 1995). When JH is present, a
surge of ecdysteroid triggers a larval molt (Fig. 3). During
the fifth (final) instar, the JH titer declines to a undetectable
level and a small rise of ecdysteroid on day 3 causes pupal
commitment of the abdominal epidermis (Riddiford, 1978).
In response to this ecdysteroid in the absence of JH, the
epidermal cells lose the ability to make a larval cuticle and
can only make a pupal cuticle when next exposed to a
molting surge of ecdysteroids, either in the presence of JH
during the final larval molt (Riddiford, 1978) or in the
absence of JH in response to 20E in vitro (Mitsui and
Riddiford, 1978). At this time of pupal commitment, BRC
RNAs are first expressed in this epidermis and can be
induced by 20E in vitro at concentrations equivalent to
those seen in vivo at the time (Wolfgang and Riddiford,
1986). Moreover, both pupal commitment (Kiguchi and
Riddiford, 1978) and BRC RNAs can be induced preco-
ciously in fourth instar epidermis when the source of JH is
removed, and both inductions are prevented by the addition
of exogenous JH. In these allatectomized larvae the ecdys-
teroid titer rises much more slowly than in unoperated
larvae undergoing a larval molt, but is significantly in-
FIG. 6. Expression of BRC RNAs in wing discs. (A) Developmental profile of BRC RNAs in wing discs during the fifth instar. The D0
sample was taken about 18 h after ecdysis (Ec) to fifth instar larva, and then discs were dissected at approximately 24-h intervals thereafter.
(B) The effect of application of 200 ng pyriproxifen to fourth instar larvae at the beginning of the molt to the fifth instar (02:00 AZT, day
3 in Fig. 3) on later BRC RNA expression in wing discs. The wing discs for B were dissected at ecdysis (Ec) and then in the morning of every
indicated day about 8–10 h earlier than for A. Prior to the day after wandering (W1), the wing discs are small so that wing discs from 3 to
6 animals were pooled to extract total RNA. A cRNA probe from the core region (Fig. 1A) was used for the hybridizations and sometimes
detected a band larger than 10 kb as seen in the control discs (untreated) in B but not in A. Ethidium bromide staining of ribosomal RNA
is shown as a control for loading.
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creased by the onset of the exposure of the dorsal vessel
(Lonard et al., 1996). The appearance of BRC RNAs corre-
lates with this rise in ecdysteroid titer in the absence of JH
as it does in the fifth instar epidermis.
The wing discs of Lepidoptera become pupally commit-
ted much earlier than the abdominal epidermis and other
tissues (Oberlander, 1985; Ohtaki et al., 1986; Kremen and
Nijhout, 1989). Some cells of Manduca wing discs first
become competent to form pupal cuticle about 12–18 h
after the final larval ecdysis (day 0 fifth instar), and all cells
are competent by day 3 (H. Yoshida and L. M. Riddiford,
unpublished data) (Fig. 7B). The appearance of the BRC
RNAs in these discs correlates with this commitment to
pupal differentiation. Therefore, the BRC RNAs represent
one of the first molecular events associated with commit-
ment of both the epidermis and the wing discs to metamor-
phose.
Regulation of Pupal Commitment and the Broad
Complex
Pupal commitment of the abdominal epidermis of
Manduca requires the action of low levels of 20E in the
absence of JH over a period of 24 h on day 3 of the final
(fifth) instar (Riddiford, 1976, 1978). The induction of BRC
RNAs in day 2 fifth instar epidermis by 20E in vitro shows
a time course that correlates well with that of the 20E
induction of pupal commitment (Fig. 7A). Pupal commit-
ment in some cells was first seen after 6 h (Riddiford, 1978),
the time when BRC expression could first be detected. By
14 h, about half of the cells were pupally committed, and all
were committed by 24 h. Over this period the abundance of
BRC RNAs continued to increase. Moreover, the concen-
tration–response curves for both pupal commitment (Rid-
diford, 1976) and for BRC induction (Fig. 5C) were very
similar with an EC50 of 2 3 10
27 M. Consequently, the
induction of BRC RNAs by 20E is likely critical for the
commitment process. During pupal commitment, larval-
specific genes for cuticle proteins and for the epidermal
pigment insecticyanin are permanently inactivated (re-
viewed in Riddiford, 1995). BRC proteins may be involved
in this inactivation as they are in the inactivation of pig-1 in
Drosophila larval salivary glands (von Kalm et al., 1994).
When day 2 fifth instar Manduca epidermis is exposed to
20E in the presence of JH in vitro, it does not become
pupally committed, but retains its ability to make a larval
cuticle during a subsequent molt in the presence of JH
(Riddiford, 1976, 1978). To be 100% effective, JH had to be
present in the cells when they were exposed to 20E. The
induction of the BRC RNAs by 20E in vitro was prevented
by the same pretreatment with concentrations of JH I of 100
ng/ml (3 3 1027 M), the 50% effective concentration
sufficient to prevent pupal commitment of the epidermis in
response to 20E (Riddiford, 1976). The 1028 M JH I for 50%
effective inhibition of 20E-induced BRC expression is about
half the concentration in the hemolymph at the onset of the
fourth larval molt (Fain and Riddiford, 1975; Hidayat and
Goodman, 1994). Thus, the lack of BRC expression in
response to ecdysteroid during the larval molt is most likely
due to the presence of JH at that time.
This suppressive effect of JH I on 20E-induced BRC
expression in day 2 fifth epidermis is specific to BRC and
not due to a general inhibition of 20E-induced transcription
factors by JH. The levels of E75A RNA induced by 20E
within 2 h are enhanced 1.5- to 2-fold by the presence of 1
mg/ml JH I under the same culture conditions as used in the
present experiments (Zhou et al., 1998). Moreover, JH I had
no effect on the up-regulation of EcR-A and EcR-B1 RNAs
within the first 3–6 h of exposure to 20E, but only inhibited
their later increases after 12 h in response to 20E alone
FIG. 7. Correlation of pupal commitment of the epidermis and wing imaginal discs with the up-regulation in BRC RNA expression. (A)
Dorsal abdominal epidermis. Data for pupal commitment refers to percentage of epidermal explants after the designated exposure time to
1 mg/ml 20E that formed greater than 90% pupal cuticle during a larval molt in vivo (from Riddiford, 1978) and for BRC expression from
Fig. 5A. (B) Wing discs. Data are for increasing competence to form pupal cuticle during a larval molt after implantation into fourth instar
larvae based on the amount of pupal cuticle formed (0 5 no pupal cuticle; 3 5 complete pupal cuticle) from H. Yoshida and L. M. Riddiford
(unpublished) and for BRC expression based on Fig. 6A (quantification by NIH Image).
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when the epidermis was becoming pupally committed
(Hiruma et al., 1998). A similar response was seen with
USP-1 RNA where no changes occurred during the first 12 h
with 20E, in either the presence or absence of JH I, but
between 12 and 24 h the presence of JH I suppressed its
20E-induced rise (Hiruma et al., 1998). By contrast, USP-2
mRNA was induced rapidly and directly by 20E and showed
the same response when JH I was present. Thus, the
suppressive effect of JH on BRC expression is quite specific
among the early 20E-induced genes so far studied in the
Manduca epidermal system. How this inhibitory effect is
mediated is not known, but we speculate that the early
increased expression of E75A in response to 20E in the
presence of JH may play a role in the suppression of BRC
since some hypomorphic E75A mutants of Drosophila
undergo precocious metamorphosis with pupariation at the
end of the second instar (W. A. Segraves, P. Jenik, C.
Fitchenburg, and C. Hughes, manuscript in preparation as
cited in Zhou et al., 1998), indicating that high E75A is
necessary to prevent premature metamorphosis.
Manduca wing discs differ from the epidermis in that
metamorphic competence and expression of BRC RNAs
occur earlier in the final instar when JH is still present in
the hemolymph (Fig. 7B). Moreover, JH application could
only delay and reduce the amount of BRC RNAs present in
the wing discs, but not prevent their appearance. Impor-
tantly, this effect was only seen when the JH decline during
the fourth instar molt was prevented, suggesting that there
may be events initiated by the ecdysteroid during the molt
when JH is low that lead to the later onset of commitment
of the discs after ecdysis. In the silkworm Bombyx mori,
the removal of the corpora allata from the penultimate
instar larva caused a increase in DNA synthesis and mitosis
in the wing disc by 24 h that could be suppressed by JH
application at the time of allatectomy (Kurushima and
Ohtaki, 1975). In normal Bombyx larvae the competence of
wing discs to metamorphose occurs early in the last instar
(Ohtaki et al., 1986) and was correlated with the comple-
tion of a round of mitosis that begins during the final larval
molt (Kurushima and Ohtaki, 1975). Drosophila imaginal
discs also become competent to metamorphose during the
late second (penultimate) instar as assayed by transplanta-
tion into a pupariating host (reviewed in Oberlander, 1985),
and at this time their metamorphosis becomes completely
insensitive to JH (Riddiford and Ashburner, 1991). The basis
of this acquired insensitivity of imaginal discs to JH is
unknown but appears to be related to their size.
In Drosophila with its fixed number of larval instars and
nearly wholesale jettisoning of larval tissues for new ones at
metamorphosis, the dependence on JH to regulate the
initial events of metamorphosis such as BRC appears to
have been lost, although detailed studies of the develop-
mental expression of BRC in various tissues during larval
life have not been reported. From these studies on Manduca
epidermis which basically becomes reprogrammed at meta-
morphosis, we would predict that the JH present during the
first and second instar molts (Bownes and Rembold, 1987)
might prevent the appearance of BRC in response to ecdys-
teroid during these molts and that the JH decline in the
early third instar (Bownes and Rembold, 1987; Sliter et al.,
1987) would create the environment necessary for the
presumed induction of BRC by ecdysteroid early in the
third instar (Andres et al., 1993). Our studies have not
addressed the effects of JH on BRC expression once it has
begun and how that might influence later metamorphic
development. The recent studies of Restifo and Wilson
(1998) show that methoprene, a JH analog, in the larval diet
or topically applied up to 8 h after pupariation causes
defects in adult morphogenesis of the central nervous
system, musculature, and salivary glands of Drosophila,
some of which phenocopy BRC defects. Interestingly, the
phenocopies all involve defects common to all the BRC
alleles and not those dependent on only one allele. The
reasons for this selectivity are not yet clear, but these data
suggest that JH can also regulate BRC RNA expression
either directly or indirectly after its initial appearance.
Clearly, the appearance of BRC RNAs is one of the first
molecular events of the genetic reprogramming necessary
for insect metamorphosis. The potential chromatin altering
abilities of BRC make it an excellent candidate for this
action. In Manduca epidermis, JH controls pupal commit-
ment and BRC expression in similar ways. How JH sup-
presses the inductive action of 20E on the BRC gene is
therefore likely the key to its “status quo” effect in the
prevention of the onset of metamorphosis.
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